Abstract-This paper presents a comprehensive electromagnetic and thermal analysis of radiation and its impact on human beings, due to the use of various types of commonly used mobile phones and communication antennas. This is one of the first studies that deals with a wide-range comparative investigation of modern cell phones, unlike the majority of existing work, which do not extend beyond the obsolete generic phone case. The rather severe, although overlooked, case of wireless local area network antennas is also considered, due to their increasing use and the large times of exposure associated with them.
I. INTRODUCTION
T HE INVESTIGATION of the effects of nonionizing electromagnetic radiation is considered a principal area of research in bioelectromagnetics. Of particular interest is the study of certain wireless systems, such as the cell phones and wireless local area network (WLAN) antennas, due to their increasing importance and widespread use in modern communication systems. At the same time, the significant development of numerical methods for electromagnetic field computation along with the progress in computer technology has provided a set of rigorous tools for electromagnetic field computation. Several studies concerning the interaction of cell phones or other portable antennas can be found in the literature [1] - [5] .
However, the majority of computational investigations deal with simplified, generic phone models. In particular, only the standard cases of half-wavelength dipoles in free space or quarter-wavelength monopoles mounted on a metallic box are usually considered, which correspond to a cell phone configuration that is no longer in widespread use. On the other hand, modern types of phones have been designed, mostly motivated by the need for size reduction and design improvement, using alternative kinds of antennas such as helical, microstrip, or other patch antennas. Hence, there is a question of whether contemporary cell phone design meets the need for protection against electromagnetic radiation, without a significant decrease in efficiency. Moreover, the use of certain antenna types like the WLAN establishes conditions of long-term exposure which, apart from the adverse thermal consequences, raise the issue of the investigation of possible nonthermal effects and requires compliance with safety standards against chronic exposure [6] . This is one of the first studies to attempt a large-scale comparative investigation of the radiation characteristics of several phone antennas with emphasis on modern cell phones using monopole, helical, side-mounted planar inverted-F antenna (PIFA) and patch antennas. The electromagnetic analysis is enhanced by subgridding techniques, which provide enhanced accuracy in modeling thin geometric structures [7] , while a thermal model, including an efficient discretization technique, is used to investigate the thermal effects of radiation. The whole study reveals the occurrence of considerable differences in electric field or specific absorption rate (SAR) values. The most striking result is the high absorption from the head, which, apart from its possible biological influence, results in remarkable degradation of the antenna efficiency. This observation could be exploited in the design of phone antennas to avoid the main bulk of useless radiation toward the direction of human body.
II. COMPUTATIONAL FDTD MODELS
A detailed three-dimensional (3-D) computational model of the human head has been used in the calculations, which are conducted by means of an FDTD algorithm [8] with the appropriate choice of dielectric properties [2] , [4] , [5] . The excitation used in the calculations has the general form of a sinusoidal waveform (1) where a suitable exponential term has been added in the simulation to reduce numerical dispersion. A Berenger perfectly matched layer (PML) has been applied to efficiently terminate the computational domain. The use of an eight-layer PML has enabled the reduction of the computational domain to a 101 107 109 grid, resulting in computational times of the order of a few hours.
Due to the complexity of the structures considered, we have further enhanced our computational model by means of an appropriate subgridding technique, when thin geometries like wires, helices and thin patches had to be modeled. In particular, the subgrid is placed within the coarse grid ( grid which are in the transition region and cannot be updated are expressed in terms of an efficient spline-approximation scheme via least squares, using three components from the coarse grid in each direction. On the other hand, coarse-grid components that are overlapped by fine-grid ones are simply interpolated. Finally, for missing temporal components, simple extrapolation techniques are incorporated. The entire algorithm is stable and the memory requirements are not significantly increased, whereas the computational time may be two times the initial one or more, due to the smaller time step in the subgrid, and also depending on the subgrid's size and ratio.
Several cell phone antennas have been considered in this study. The first generic model is the quarter wavelength dipole, mounted on a conducting box. This assumption is justified by the presence of the printed circuit board and battery but it is appropriately modified for other types of phones to result in a more accurate modeling. The second model is based on the more common helical antenna. Such antennas, for small values of their diameter and length, result in nearly isotropic radiation on the horizontal plane. The third and fourth models correspond to modern types of phones using patch antennas. This may enhance the phone's look, but requires very careful design to produce the desirable radiation pattern. The side-mounted PIFA and another patch antenna model (Fig. 2) are among the most common to be used. The computation procedure results in the values of antenna efficiency and SAR, given by
The SAR values are postprocessed to produce average quantities involved in safety standards.
III. THERMAL ANALYSIS
The electromagnetic analysis gives only a rough picture of how the power is absorbed by the tissues. However, this cannot account for the exact description of thermal phenomena, since they are significantly affected by the material parameters [4] , [5] and the existence of discontinuities. Therefore, we pursue an investigation of the thermal effects, by means of the bioheat equation [2] , [4] , [5] SAR (4) where temperature distribution; thermal conductivity; specific heat; density; power per unit volume, generated by metabolism; blood temperature; constant related to blood flow. Of great importance is the boundary condition to be imposed to the external surface of the skin and internal cavity, given by (5) where is the convective heat-transfer coefficient and the ambient temperature. This condition accounts for the heat-exchange mechanism of convection from the surrounding medium.
However, we introduce a slightly modified approach in this study which focuses on the thermal rise only, due to power absorption, while other factors that contribute to the overall thermal equilibrium are properly removed from the analysis. Hence, if we consider the resulting temperature distribution as the sum of the thermal equilibrium distribution and the temperature rise , the corresponding equations for the equilibrium temperature distribution are similar to (4) and (5), except that the SAR-related term is not present. Taking this into account, the bio-heat equation and convective boundary condition for the temperature rise are, respectively, given by SAR (6)
Therefore, the power due to metabolism, and the blood and ambient temperatures, do not affect the temperature rise. The thermal diffusion equation (6) can be discretized by means of an Euler conditionally stable finite-difference scheme using central differences for the Laplacian and forward differences for the time derivative, on condition that the maximum allowable time step is not prohibitive for an efficient impementation. The discretized form of (6) is therefore SAR (8) Using the von Neumann stability criterion, we have verified that the stability condition is (9) which, for a cell size of 3 mm, gives a maximum allowable time step of 5.83 s, resulting in less than 500 iterations, even for a 30-min duration of radiation. On the other hand, the convective condition requires an elaborate discretization scheme to be efficiently implemented. While in [2] and [4] this boundary condition is applied in a rather simplified manner, we introduce a quasiconformal representation of the exterior surface [ Fig. 3(a) ]. The normal vector follows the shape of the head and is oriented toward either the , , or axis, or some of the possible diagonal , , , or directions. In general, the discretized form of (7) will update the temperature value at any surface node using the corresponding value at the adjacent node [ Fig. 3(b) ]. Therefore, (7) results in (10) Hence, while the interior diffusion scheme is used to update all values inside the tissues, including those at nodes adjacent to the surface, the discrete form (7) of the convective heat-transfer boundary condition updates the surface node values and the algorithm proceeds with the next time step. Although simple in application, (7) requires a geometric preprocessing procedure to associate each one of the surface nodes to an interior one toward the direction of the inward pointing normal vector [ Fig. 3(a) ]. The overall algorithm involves about 500 000 nodal degrees of freedom and requires only a few minutes to result in the steady-state thermal rise distribution.
IV. COMPUTATIONAL RESULTS
A large number of numerical simulations has been conducted for the GSM 900 and 1800 case, with an input power of 600 and 250 mW, respectively. Both the vertical ( ) and tilted ( ) positions of the phones have been examined. The WLAN antenna has an input power of 20 dBm at the frequency of 2.45 GHz. The comparative results for the maximum SAR, and maximum 1-and 10-g average SAR quantities, are given in Tables I and  II, while Table III shows the overall maximum and maximum in brain temperature rise for 10-min exposure. Indicative SAR and thermal rise distribution maps are also shown for the case of a tilted PIFA antenna at 900 MHz (Figs. 4 and 5) , a tilted patch antenna at 1800 MHz (Figs. 6 and 7) , and a WLAN antenna (Fig. 8) . We use a rather unusual notation of decibels with respect to 1 C for the temperature rise distribution, but this is justified by the fact that the latter one is linearly related to SAR values. In most cases, the derived SAR values are found to violate the safety guidelines of 1.6 W/kg maximum, 1-g average [9] , and 2.0-W/kg maximum, 10-g average [10] marginally, but the time of exposure is relatively short to produce remarkable thermal effects. However, we observe a considerable reduction of thermal effect in the 1800-MHz case, where patch-based antennas also exhibit a good performance. On the other hand, although both SAR values and the thermal rise in the case of a WLAN are one or two orders of magnitude lower, the issue of prolonged exposure is raised, since it is found that the safety limits for long exposure [6] are also marginally violated.
V. CONCLUSION
A systematic investigation of electromagnetic radiation due to a variety of modern cell phone and wireless network antennas, and its effects on human health has been presented. The computational analysis, based on the FDTD method, and an efficient thermal analysis demonstrate significant differences both in local and average SAR values or electric fields and radiation characteristics, which is a sign of different degrees of interaction between the antenna and the human head. Hence, useful antenna design guidelines, such as the use of appropriate reflecting surfaces, may be exploited. In cases where suggested time limits of exposure are exceeded, and especially in the case of WLANs, the possibility of harmful thermal or nonthermal influences of radiation should not be ruled out and is a matter of further investigation.
